Spatial distribution and temporal variation of salinity, suspended sediment concentration (SSC) and chlorophyll pigments in the macro-tidal Chikugo river estuary, Japan, were measured for two weeks and investigated the effect of salinity mixing and the estuarine turbidity maximum (ETM) on the state of phytoplankton. The estuary was in a vertically well-mixed condition during spring tide with SSC exceeded 1,000 mg/l. The estuary changed to stratified condition during the neap tide with SSC of less than 20 mg/l.
INTRODUCTION
Estuaries form a transition zone between the ocean and land. There are highly productive aquatic ecosystem in an estuary with varieties of fish communities which can see only in the estuary. The abundant production of fish and shellfish are supported by the primary production. The mixing of both freshwater and sea water in the estuary results the presence of suspended sediments which provide high levels of nutrients. The physical process in an estuary such as vertical mixing of salinity, horizontal movement of salinity and movement of estuarine turbidity maximum (ETM) are dynamic in nature by spatially and temporally. The ETM forms by the erosion and transport by the sea water, freshwater input, resupension of bottom sediment 1) . Estuarine phytoplankton growth is regulated by both nutrients and light availability 2) . Previous studies on phytoplankton dynamics in estuaries were mainly focused on the effects of nutrient availability on the growth of phytoplankton, dominant species, and seasonal variations of chlorophyll-a (Chl-a). Kasai et al. 3) explains the seasonal changes of salinity intrusion and its implication on phytoplankton dynamics of Yura estuary, effects of tidal currents were negligible due to the low tidal influence.
Light availability for the photosynthesis is limited especially in highly turbid estuaries. It is crucial to fully understand the effects of mixing and suspended sediment concentration (SSC) on phytoplankton growth. There are few studies that investigated the effect of physical dynamics such as mixing, movement of salinity and ETM on the state of phytoplankton in macro-tidal estuaries (tidal range > 4 m). A few studies have been undertaken to assess the ETM and ecosystems of the highly turbid macro-tidal Chikugo River estuary and Ariake Sea 4) . Because these studies have focused on the ecology of the area or specifically fish or zooplankton, SSC and salinity distributions were measured during high water at spring tide and it took 4-5 hours to make observations.
We measured longitudinal distribution of salinity, SSC and chloropyll pigments in the macro-tidal Chikugo River estuary during semi-diurnal and semilunar tidal cycle, and investigated the effect of mixing and suspended sediment dynamics on the activity of phytoplankton.
MATERIALS AND METHODS (1) Study site
The Chikugo River flow into the eastern part of the Ariake Sea (Fig.1) . The study area and the in-situ observation have been described in detail in our previous paper 1) . The mean freshwater discharge is 54 m 3 /s during the dry season, and a mean storm discharge is 2,800 m 3 /s. The estuary has a length of 23 km from the river mouth. The bottom sediments in the tidal flat consist mainly of mud, whereas the section between the river mouth and 10 km consists mainly of fine sand. The section between 10 km and 20 km consists mainly of silt and clay. The estuary experiences semidiurnal conditions with tidal amplitude of 5 m at spring tide and 1.5 m at neap tide. The estuary is classified as a macro-tidal estuary.
(2) In-situ observation A field survey was conducted from Sep. 11 to 25, 2010. Vertical profiles of salinity and turbidity were measured at 1 km intervals starting from river mouth (0 km) to 17 km upstream with a total of 18 measurement stations using a CTD probe with an optical backscatter sensor (AAQ-1183, JFE Advantech, Japan). The data were collected with a high-speed boat within 75 min for all 18 stations. Seven sampling cruise were carried out within the semidiurnal tidal cycle for spring and neap tides. For intermediate half tides, measurements were taken three times during low tide, flood tide, and high tide. Water samples for the determination of SSC and phytoplankton standing stock were collected from the surface layer (0 to 10 cm) at all 18 stations.
(3) Lab analysis
Both sediment and phytoplankton samples were filtered through a 0.7 µm glass fiber filter, and were sent to the laboratory. Dry weight of the sediment sample was measured and SSC was determined. SSC was plotted against the in-situ turbidity value (TB) measured at the same stations and a formula for the conversion of TB to SSC was derived (eq. 1). 
The filtered sample of phytoplankton was placed in DMF. The Chl-a concentrations were determined by the fluorometry using a Turner Designs 10-AU fluorometer. Pheophytin-a (Pheo-a) concentrations are then calculated using fluorescence values based on Holm-Hansen method.
(4) Data analysis
Salinity interface gradient (SIG), which is defined as the slope of 10 psu isohaline was used to identify the mixing condition and stratification in the estuary.
where X b is the distance from 0 km to the position where 10 psu appears on the bottom, X s is the distance from 0 km to the position where 10 psu appears at the surface, and H is the water depth around the 10 psu area. When SIG ≥ 0.005, the condition is defined as well mixed. When the SIG ranges between 0.005 and 0.001, the condition is defined as partially mixed. A SIG < 0.001 is defined as stratified. Chl-a length and Pheo-a length was defined as the distance from 0 km to the position where the highest concentration occurs at the surface. Chl-a rate is defined as the rate of living phytoplankton (Chl-a) in total phytoplankton (Chl-a and Pheo-a).Surface salinity reach (SSR) and Surface SSC maximum were used to discuss the surface phytoplankton migration. SSR was defined as the distance from 0 km to the position where salinity indicates 1 psu at the surface. SSM was calculated as the distance from 0 km to the position where surface SSC reached maximum.
RESULTS
The spatial distribution of salinity and SSC for flood phase during spring (Sep. 11), half (Sep. 15) and neap tide (Sep. 17) was shown in Fig.2 . Salinity during spring tide (Fig.2a) showed vertically uni- form distribution with a large tidal amplitude of 5.2 m. During the following half tide (Fig.2b) , the tidal amplitude decreased to 2.4 m and the 10-psu contour line was inclined. Subsequently, the tidal amplitude decreased to 1.7 m during the neap tide (Fig.2c) , and estuary became stratified. The distance traveled by the saltwater intrusion exceeded 17 km. The ETM zone was observed to extend from 14 to 16 km upstream with an SSC greater than 1,000 mg/l during the spring tide (Fig.2a) , and its location corresponded to the saltwater front. The SSC decreased to 500 mg/l during the half tide (Fig.2b) . The estuary became clear during the neap tide (Fig.2c) , with an SSC of 20-50 mg/l. The SSC in the Chikugo River estuary is at the higher end of the range of SSC in the macro-tidal estuaries worldwide 5) . Spatio-temporal variation of Chl-a and Pheo-a at surface showed that Chl-a was relatively high during the low water of spring tide (Fig.3a) . During neap tide (Fig.3b) , Chl-a was nearly 20 μg/l at morning and it increased to more than 40 μg/l at the evening. Chl-a was slightly high in the upper estuary.
Pheo-a concentration was very high during spring tide especially for flood and ebb phase (Fig.3a) . Pheo-a was high near the river mouth during low tide and it was high at the upper estuary during high tide, then again it became high near the river mouth during the succeeding low tide. Therefore, Pheo-a was moving from the river mouth to the upper estuary during flood tide and moving back to lower estuary during ebb tide. Pheo-a was ranged 5-10 µg/l during neap tide (Fig.3b) .
DISCUSSION (1) Temporal variation of phytoplankton
The sky was clear except for Sep. 13, 22 and 23 when it rained. There were three types of mixing conditions occurred in the Chikugo River estuary during a semilunar tidal cycle (Fig.4b) . Since the SIG exceeded 0.005 during spring tide (Sep. 11), the estuary was well mixed. The SIG settled into a range from 0.005 to 0.001 on Sep. 13, 15, 22, and 25; thus, the estuary was partially mixed. The SIG was less than 0.001 on Sep. 17 and 18, and the estuary was stratified during the neap tide.
Analyzed Chl-a was relatively high during spring tide ranged from 7 to 30 μg/l. Although the growth of phytoplankton was inhibited due to high SSC and strong mixing during spring tide, a definite quantity of living phytoplankton existed. The Chl-a concentration became 10-50 μg/l during neap (Fig.4c) . The Chl-a concentration reached the peak with 70 μg/l on Sep. 20 which is three days after the neap tide.
The phytoplankton was activated and started to grow during neap tide at morning with favorable condition and its growth increases towards the evening. The phytoplankton growth reached the maximum on Sep. 20 at day time and started to deactivate with the strong currents and high SSC. This is showing a 2 to 3 days of timelag in phytoplankton growth with the tidal cycle. A definite quantity of phytoplankton was present in all the days and Chl-a concentration was slightly high in the upper estuary. Pheo-a concentration was high during spring tide and it became low during neap tide (Fig.4d) . The trend on the Pheo-a variation for the lower and upper estuary was found opposite. It indicated that Pheo-a migrated from the river mouth to the upper estuary during flood tide.
Chl-a rate in total phytoplankton concentration was 20-60% during spring tide and it reached 90% during neap tide (Fig.4e) . Chl-a rate became high in the upper estuary during half tide. The upper estuary was suitable for the growth of phytoplankton during the transition phase of mixing.
(2) Effect of SSC on Phytoplankton
Cloern 6) and Guinder et al. 7) found the light attenuation coefficient (K T ) was regulated by the SSC in the water column. They expressed light attenuation in estuaries as primary function of SSC (eq.3).
where a and b are coefficients.
Therefore we can estimate the light attenuation in the water column using SSC. Edmond et al. 8) reported that the major phytoplankton blooms near the mouth of Amazon river are limited by the light attenuation due to high SSC. Phytoplankton started to appear only after the SSC reduced by dilution with seawater. However the Chl-a distribution in the Chikugo River estuary was not showing any relationship with SSC in the surface layer (Fig.5a) .
Good relationship was found between Pheo-a and SSC (Fig.5b) . Pheo-a pigments are the dead phytoplankton cells. This relation shows that the detritus adhere to the inorganic particles. The suspended sediment regulated the light penetration into the water column which reduces the activity of phytoplankton and produced dead phytoplankton. The negative relationship between SSC and Chl-a rate (Fig.5c) indicate that the relative concentration of Chl-a decreased when light penetration in the water column became weak due to increase in SSC.
(3) Migration of phytoplankton
SSR and Chl-a length showed good relationship (Fig.6a) , and peak concentration of Chl-a was located in the upper reach of the salinity front. It was found that phytoplankton in the Chikugo River estuary mainly inhabit in brackish water below 1psu. Good relationship between SSM and Pheo-a length (Fig.6b) indicated that the detritus moved with suspended sediment, and development of the ETM and deactivation of phytoplankton interact each other. 
CONCLUSION
The spatial distribution and temporal variation of salinity, SSC and chlorophyll pigments in the Chikugo River estuary, Japan, were measured for two weeks, and the effect of mixing, movement of salinity and ETM on the state of phytoplankton were examined. During neap tide Chl-a was high with low concentration of Pheo-a. Although the growth of phytoplankton was inhibited due to high SSC and strong mixing during spring tide, a definite quantity of living phytoplankton existed and Pheo-a was very high. Suspended sediment influences the estuarine phytoplankton by regulating the light penetration into the water column. Peak concentration of Chl-a was located in the upper reach of the salinity front. It was found that the phytoplankton in the Chikugo River estuary mainly inhabit in brackish water below 1psu. Good relationship between location of surface SSC maximum and Pheo-a length indicated that the detritus moved with suspended sediment, and development of the ETM and the deactivation of phytoplankton interact each other.
